SUMMARY The heart and aorta weights in 23 strains of rats and the four-way cross generation among the M520/N, SHRSP/N, SHR/N, and WKY/N strains were investigated in relation to their blood pressure in an attempt to characterize cardiovascular enlargement (increased weight of heart and aorta) from a genetic aspect. The distribution of blood pressure in these strains at 10 weeks of age was clearly divided into hypertensive and normotensive groups. In the hypertensive group, heart weight increased in proportion to blood pressure. In contrast, there was no relationship between blood pressure and heart weight in the normotensive group in spite of large strain differences in heart weights. The result of variance analysis exhibited a significant strain difference in heart weight, and the degree of genetic determination was estimated to be 65%-75%. A similar genetic influence was apparent for normotensive strains excluding hypertensive strains. The distribution of blood pressures in the four-way cross generation showed the segregation of three phenotypes consisting of normotensive, intermediate and hypertensive groups. A large variability was seen in heart weight of each group. However, the increase in average heart weight of these three groups was very small. The degree of genetic determination from the cross analysis was estimated to be 45%-65%. These results indicate that heart weight is a highly heritable trait, and that the effect of genetic factors on cardiac enlargement is larger than that of blood pressure. A similar result was obtained for the aorta weight. However, the effect of genetic factors was less important for aorta weight than for heart weight since the degree of genetic determination was estimated to be 45%-65% from the strain comparison and 35%-60% from the cross analysis. (Hypertension 4: 864-872, 1982) KEY WORDS • hypertrophy • heart • aorta • hypertension genetic factor • spontaneously hypertensive rat A S described by Bright 1 in 1839, cardiac hypertrophy was one of the first obvious changes noted in hypertension. Since then, cardiac hypertrophy has been investigated not only in humans with hypertension but also in animals with experimentally induced hypertension. In general, cardiac hypertrophy has been regarded as a secondary response to increased pressure because the heart enlarges in response to the increment in pressure load.
S described by Bright 1 in 1839, cardiac hypertrophy was one of the first obvious changes noted in hypertension. Since then, cardiac hypertrophy has been investigated not only in humans with hypertension but also in animals with experimentally induced hypertension. In general, cardiac hypertrophy has been regarded as a secondary response to increased pressure because the heart enlarges in response to the increment in pressure load. 2 
"
1 However, it was pointed out that there were many patients with- 6 The spontaneously hypertensive rat (SHR) strain developed by Okamoto 7 appears to be an appropriate animal model for the study of cardiac hypertrophy associated with hypertension since the hypertension resembles human essential hypertension in many respects. 8 It is well known that the SHR strain develops left ventricular hypertrophy. 9 " 12 It has been recently reported that the increase of left ventricular wall mass in the SHR is initiated early in life before elevation of blood pressure, 13 " 15 and that the cardiac hypertrophy occurs in the absence of elevated blood pressure. 13 " 18 These clinical and experimental findings suggest that hypertension might not be the sole factor responsible for cardiac hypertrophy, but that hypertrophy can be the result of a genetic cardiovascular abnormality. However, no detailed study has yet been performed to show that genetic factors in addition to physiological factors such as blood pressure might play an important role in the development of cardiac hypertrophy. Such investigations would be very important for the development of a useful animal model for cardiac hypertrophy that may also present an opportunity to study heart failure.
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The present paper deals with a survey of heart and aorta weights in relation to their blood pressure in 23 inbred strains of rats, in F, hybrids, and four-way crosses among hypertensive and normotensive strains. These 23 strains of rats are maintained at the National Institutes of Health, and their characteristics are described in the NIH Rodents 1980 Catalogue. 19 The degree of genetic determination was estimated from these two experiments. The term "degree of genetic determination" means a portion of the total phenotypic variation attributable to any genetic causes (additive, nonadditive, and interaction), and "heritability" means a portion of the total phenotypic variation attributable to additive genetic effects alone. Therefore, degree of genetic determination can be interpreted as heritability in a broad sense.
Materials and Methods
Males of 23 inbred strains'
9 were obtained from the Small Animal Resources Section, Veterinary Resources Branch, Division of Research Services, National Institutes of Health. Crosses were made between M520/N females and SHRSP/N males and between SHR/N females and WKY/N males. The F, hybrids were designated as MSF, and SWF,, respectively. Subsequently, MSF, females and SWF, males were intercrossed for the study of four-way cross generation. The animals were maintained in a room with a temperature of 24° ± 1°C and a humidity of 55% ± 5%, and were fed commercial pellets (Ralston Purina Company, NIH Rat and Mouse Ration Form 1). Tap water and food were available ad libitum.
At 10 weeks of age, their body weight, blood pressure, and heart rate were measured. Blood pressure was measured from the caudal artery of unanesthetized animals using a modification of the tail-cuff method. 20 Heart rate was determined simultaneously from the pulse tracings. Then, they were sacrificed by bleeding from the carotid artery under the light ether anesthesia. The age at which the animals were studied was determined following a preliminary experiment on the development of hypertension. The blood pressure of the SHR7N and SHRSP/N rose rapidly from 4 until 12 weeks of age and more slowly thereafter ( fig. 1 ). In contrast, the blood pressure of the WKY/N increased only slightly by this age. Accordingly, 10 weeks of age was defined as the early hypertensive stage in the SHR/ N and SHRSP/N.
The heart and aorta were removed immediately after sacrificing the animal. The heart was dissected into the atria and ventricles, and ventricles were washed with saline, blotted, and weighed. Each heart was then cut transversely into two parts, and external and internal diameters and thickness of the left ventricular wall were measured with vernier calipers. The whole aorta from the ascending aorta down to the turning point of the femoral artery was also weighed after removing fat and other tissue.
The degree of genetic determination was estimated by the analysis of variance from the comparison of several strains. 21 The mean squares for between and within strains contain genetic variance, CT G 2 , and environmental variance, a E 2 , with the magnitude of each component dependent on the amount of inbreeding:
where k is the number of animals measured in each strain, and F is the in-breeding coefficient. Under the assumption that complete genetic fixation has been attained within the strain, F is effectively equal to 1. Therefore, the genetic and environmental variance components can be partitioned, and the degree of genetic determination can be estimated by the ratio:
Standard error for the estimate was calculated by the method of Osborne and Peterson. 22 The degree of genetic determination from the cross analysis was also estimated by the method of Falconer. 21 The phenotypic variance at the nonsegregating generation is theoretically due to environmental cause only, and that at the segregating generation can be attributable to both genetic and environmental causes. Therefore, the degree of genetic determination, g, and its standard error, sg, can be estimated from the equations:
where V E and V p are variances at the nonsegregating generations (mean variance of four strains and two F, hybrids) and that at the four-way cross generation, N, and N 2 are degree of freedom at these generations, respectively. 
Results
Strain Difference
The blood pressure and heart rate in each strain are presented in table 1; body weight is shown for comparative purposes. The strains are listed in descending order of blood pressure. These strains showed a large range of blood pressure at the age of 10 weeks. The highest value was 187 ± 2.2 mm Hg for the SHRSP/ N, and the lowest value was 118 ± 1.0 mm Hg. The OM/N strain exhibited apparently mild hypertension with a blood pressure of 154 ± 1.0 mm Hg. The blood pressure levels of the SHRSP/N, SHR/N, and OM/N were distinctly higher than those of other strains. Consequently, these three strains were classified as a hypertensive group and other strains as a normotensive group. The RHA/N strain was selectively bred for a high avoidance to electric shock, 23 and its blood pressure was relatively high. The MR/N and MNR/N strains were selectively bred for high and low emotionality on the basis of an open field test, 24 and a significant difference was seen in their blood pressure levels.
It was noted that in the hypertensive group the SHRSP/N and OM/N have a higher heart rate than the SHR/N. In the normotensive group, the LA/N, LEW/ SsN, WKY/N, RHA/N, and MNR/N have a higher heart rate. On the other hand, the heart rate in the MR/ N, M520/N, CAR/N, NSD/N, and ACI/N were comparatively low.
The heart and aorta weights in each strain are given in table 2. In the SHR/N, one animal had a markedly hypertrophied right ventricular wall, with a heart weight of 1367 mg, and therefore was excluded from data analysis. The average heart weight in each strain ranged from 538 ± 12 mg in the PETH/N to 872 ± 10 mg in the SHR/N. The average aortic weight ranged from 43.6 ± 0.7 mg in the MNR/N to 65.4 ± 1.6 mg in the SHR/N. The relationship between body weight and heart weight was linear within each strain at 10 weeks of age. In addition, the correlation between average body weight and average heart weight in each strain showed a good linear relationship (y = 0.742, p < 0.01). The same was true for aorta weight (y = 0.533, p < 0.01). Therefore, heart and aorta weights were expressed as the ratio with regard to body weight. Expressed in this manner, the heart of the SHRSP/N was the largest of any strain, and the second largest was that of the SHR7N. It was noted that the M520/N, WN/N, and A28807/CRN strains had a large relative heart weight in spite of low blood pressure. With regard to the aorta, the A28807/CRN had the largest relative weight, possibly because this strain appeared to have less body fat and a comparatively long trunk. The SHRSP/N strain had the second largest relative aorta weight. In contrast, the SHR/N and OM/N had a small relative aorta weight in spite of a large weight. The relative aorta weight of the F344/N was equal to that of the M520/N, although its heart was one of the smallest.
Rats at 10
Analysis of cardiac dimensions showed a positive correlation between average heart weight and external diameter of the left ventricle in each strain. A positive correlation was also seen between average heart weight and thickness of the left ventricular wall. The mean values for the cardiac dimensions (data not shown) in each strain were analyzed by determining coefficients of correlation with respect to heart weight. There was a positive correlation between heart weight and either diameter of the left ventricle or thickness of the left ventricular wall. These correlation coefficients were calculated to be 0.894 and 0.710, respectively. These values were statistically significant (p < 0.01). On the other hand, there was no significant correlation between average heart weight and internal diameter of the left ventricle (y = 0.130). Therefore, heart weight was a good indicator of cardiac enlargement.
A continuous distribution was seen in the heart and aorta. Two-way analysis of variance for heart and aorta weights resulted in a significant difference in the mean squares between strains, as shown in table 3. The degree of genetic determination was estimated to be 65.1% ± 5.2% in absolute heart weight and 73.9% ± 4.4% in relative heart weight. This result indicates that the heart weight is determined in large part by genetic factors. A similar result was obtained from aorta weight, but the degree of genetic determination was 46.9% ± 5.9% in absolute weight and 62.7% ± 5.4% in relative weight. The effect of genetic factors appeared to be greater in the heart than the aorta. A secondary effect due to hypertension might be contained in the genetic variance. Therefore, degree of genetic determination was calculated excluding the three hypertensive strains. A similar genetic influence was apparent for both heart and aorta for the normotensive strains, as shown in table 4. The relationships between blood pressure level and age is shown in figure 1 , and between blood pressure and relative heart and aorta weights in figures 2 and 3. The distribution can be clearly divided into two groups, that is, hypertensive and normotensive groups. In the hypertensive group, relative heart and aorta weights increased in proportion to the blood pressure level. On the other hand, there was no relationship between blood pressure and heart and aorta weights in the normotensive group in spite of a large strain differences of heart and aorta weights.
Cross Analysis
The distribution of blood pressure at each generation of the genetic crosses among four strains is presented in figure 4 . The blood pressure of F, hybrids derived from two kinds of crosses were intermediate between the parental strains, and did not significantly differ from the midparent value. The blood pressure of the four-way cross generation was also intermediate. In addition, a trimodal distribution was seen at the fourway cross generation. Therefore, individual rats of this generation were divided into three phenotypes according to the blood pressure level. That is, those with a blood pressure level similar to that of the M520/N or WKY/N were classified as normotensive, those similar to the Fl hybrids as intermediate, and those similar to the SHR/N as hypertensive. The phenotypic segregation ratio was in good agreement with the expected ratio of 1:2:1. These results confirmed that a single major gene (designated as ht) with an additive effect is involved in the hypertensive trait of the SHR; 23 namely, the SHR/N and SHRSP/N have a genotype of htlht and the M520/N and WKY/N have a gentoype of + / + . Accordingly, F, hybrids are heterozygous htl + ) . Therefore, three genotypes consisting of htlht, ht/ + , and + / + are segregated at the four-way cross generation with the segregation ratio of 1:2:1. Participation of several genes with minor effect was also evident from the fact that the average blood pressure of the group classified as normotensive was slightly higher than that of the M520/N and WKY/N, and that individuals with blood pressures similar to the SHRSP/N were not seen in the group classified as hypertensive.
The heart and aorta weights at each generation of the genetic crosses among four strains are shown in table 5. The average heart weight in two kinds of F, hybrids was larger than those of parental strains, respectively. In contrast, the average aorta weight of F, hybrids was intermediate between parental strains, but was larger than each midparent value. These dominance effects in heart and aorta weights of F, hybrids might be due to a large body weight, which reflects the heterosis. The average heart and aorta weights of the four-way cross GENETIC DETERMINATION OF CARDIAC ENLARGEMENT/7a/iaje et al. Data are expressed as means+ SEM.
•Expressed as 100 times mg heart or aorta weight per g body weight.
generation were also larger than those of any parental strains and F, hybrids. In addition, the four-way cross generation showed a continuous distribution and a large range of heart and aorta weights at this age. The heart weight ranged from 1189 to 738 mg. The aorta weight ranged from 77 to 47 mg. The correlation between body weight and heart weight in the four-way cross generation showed a good linear relationship (r = 0.792, p < 0.01) in spite of a genetically heterogeneous population. The same was true for aorta weight (r = 0.796, p < 0.01). Therefore, heart and aorta weights were again expressed as the ratio with regard to body weight. Expressed in this manner, the heart and aorta weights of F, hybrids were conversely smaller than those of parental strains, and those of the fourway cross generation were almost equal to those of the F, hybrids between the M520/N and SHRSP/N. A continuous distribution with a large range was also observed in relative heart and aorta weights of four-way cross generation. The relative heart weight ranged from 355 to 288 mg, and the relative aorta weight ranged from 24 to 17 mg.
The degree of genetic determination concerning heart and aorta weights estimated from the variance of nonsegregating and segregating generations is shown in table 6. The degree of genetic determination was estimated to be 65.7% ± 7.8% in absolute heart weight and 44.7% ± 12.7% in relative weight. A similar result was obtained from aorta weight, although the degree of genetic determination was 58.1 % ± 9.6% in absolute weight and 34.6% ± 15.0% in relative weight. Accordingly, the effect of genetic factors appeared again to be greater in the heart than the aorta. The degree of genetic determination estimated from relative weight was smaller than that estimated from absolute weight in both heart and aorta. The variance attributable to environmental causes might be overestimated because of a large variability of average body weight among nonsegregating generations consisting of four strains and two kinds of F, hybrids.
The relationship between blood pressure and relative heart or aorta weight in the four-way cross generation is presented in figures 5 and 6. It was noted that three phenotypes consisting of normotensive, intermediate, and hypertensive groups exhibited a large variability of relative heart and aorta weights, and that their variabilities were similar to each other. The average heart and aorta weights in each group increased in parallel with the elevation of blood pressure. Howev- er, the increase of average weight in the hyperensive group was only 4.6% in the heart and 8.4% in the aorta as compared with the normotensive group. These results indicate that the segregation of genes related to heart and aorta weights occurred in the four-way cross generation, and that heart and aorta weights were in a large part determined independently of blood pressure. Furthermore, the effect of elevated blood pressure appeared to be greater in the aorta than the heart.
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Discussion
The present experiments clearly demonstrate that genetic factors are involved in the heart weight of rats, and that the degree of genetic determination estimated from the strain comparison and cross analysis is considerable. Furthermore, genetic factors determining heart weight are independent in large part of those related to blood pressure. The effect of genetic factors was also observed in aorta weight. However, the influence of genetic factors was less of a determinant for aorta weight than for heart weight.
There are many reports indicating that the SHR and SHRSP strains develop cardiac hypertrophy. 9 " 18 26 In the present study, the OM/N, M520/N, WN/N, and A28807/CRN strains also had a comparatively large heart weight. Furthermore, several rats of each group in the four-way cross generation exhibited a considerable cardiac enlargement. (However, it is not known whether these cardiac enlargements were due to myocyte hypertrophy.) Further histological, morphometrical, and biochemical studies are needed to completely characterize these cardiac enlargements. However, cardiac enlargement at least in the OM/N and in several rats in the hypertensive and intermediate groups of the four-way cross generation, could be related to hypertensive cardiac hypertrophy since they exhibited high blood pressure. Furthermore, the OM/N and M520/N strains will provide excellent animal models for the comparative studies of cardiac hypertrophy because their gene constitutions are apparently quite different from each other.
It was confirmed that the OM/N is clearly a strain with mild hypertension, as previously reported by Hansen. 26 This strain was derived from the OsborneMendel stock. The alleles related to high blood pressure might have been contained in this stock, and may have been fixed during the course of inbreeding although selection for high blood pressure was not made. It is of interest that, different from other genetically hypertensive strains, 7 -27 " 29 this genetically mild hypertensive strain as developed without artificial selection for high blood pressure. This strain may be a useful animal model for the study of spontaneous hypertension as well as cardiac hypertrophy.
It is well known that rats with experimentally-induced hypertension develop cardiac hypertrophy. 4 -
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The average heart weight in the SHRSP/N, SHR/N, and OM/N strains increased in proportion to their blood pressure. In addition, the average heart weight in normotensive, intermediate, and hypertensive groups of the four-way cross generation increased in parallel with the elevation of blood pressure. Therefore, it is evident that increased blood pressure influenced heart weight. However, a large strain difference was shown in the heart weight of normotensive strains in spite of not exhibiting a large difference in blood pressure. Furthermore, the increase of average heart weight in the hypertensive group of the four-way cross generation was only 4.6% as compared with the normotensive group. Therefore, it is also evident that blood pressure is not sole factor responsible for cardiac enlargement. If only a few normotensive strains such as the WKY/N had been used in the present study, a misleading conclusion that heart weight is related to only blood pressure would have been derived. The same is true for aorta weight. In addition, aorta weight in the normotensive strains was not always related to heart weight. In the present experiment, the effect of elevated • blood pressure upon cardiac enlargement was smaller than genetic factors since the degree of genetic determination of heart weight exceeded 60% except for that estimated from relative weight in the cross analysis. In addition, the range of relative heart weights in the three phenotypes of the four-way cross generation was larger than the difference of average heart weight between hypertensive and normotensive groups. However, this might be attributed to a relatively young age of the rats since they were sacrificed in the early hypertensive phase. When the hypertension is persistent in the hypertensive strains and the hypertensive and intermediate groups in the four-way cross generation, the cardiac enlargement will proceed to a greater degree, as reported for cardiac hypertrophy of the SHR strain." In that sense, the effect of elevated blood pres-GENETIC DETERMINATION OF CARDIAC ENLARGEMENT/7anase et al.
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sure upon cardiac hypertrophy in the SHR appears more slowly than experimentally induced cardiac hypertrophy.
M -" Sen et al. l7 and Cutilletta et al." proposed from their experiments using the SHR strain that myocardial hypertrophy is not merely a result of elevated blood pressure, but may be a manifestation of genetic factors. Our data clearly support this hypothesis for cardiac enlargement. The existence of genetic factors for cardiac enlargement does not rule out inevitably other possible causes of hypertensive cardiac hypertrophy in the SHR and SHRSP, such as neurohumoral, nemodynamic, and pathological factors."' 172 -' !:!6 However, the manifestation of these factors might also be in part under genetic control. The term "genetic factors" means gene constitution or genetic background in a broad sense.
The results of the four-way cross experiment indicate a high degree of genetic determination concerning heart weight. In addition, relative heart weight in three phenotypes exhibited a large variability, and their variabilities are similar to each other. Therefore, it should be possible to develop hypertensive and normotensive strains accompanied with either a large or small heart by a selection experiment using the four-way cross generation as a base population. These four strains could provide a base for comparative studies of cardiac hypertrophy with more useful animal models.
During the course of our experiments, we found several individual SHR/N rats having a markedly hypertrophied right ventricular wall. The thickness of right ventricular wall in each individual rat was equal to that of left ventricle. The incidence was 4.3% (3/ 70) . Although the pathogenesis of this phenomenum is unknown at present, the cause might be attributed to the manifestation of a genetic abnormality, since this characteristic was peculiar to the SHR/N strain. Cutilletta et al. 13 reported right ventricular hypertrophy in the young SHR strain. However, a marked hypertrophy of the right ventricle in the present experiment was qualitatively and quantitatively different from the right ventricular hypertrophy reported by these workers. Biventricular hypertrophy resulting from an atriovenous shunt has also been observed in WKY with a significant frequency. 37 The relationship of this genetically determined pathogenic mechanism to the right ventricular hypertrophy observed in these experiments is unknown. Heart size in inbred strains of rats. Part 1. Genetic determination of the development of
